Ming-yang ZHAO, Da-long TAN Shenyang Institute ofAutomation of the Chinese Academy ofScience Shenyang 110016, China flexible anthropomorphic 7-DOF robotic arm for a mobile humanoid robot. The kinematics of the arm such as workspace, singularity, the number and physical nature of self-motion are presented. The concepts and methodology of the inverse kinematics base on the self -motion of the arm are described. By this method the task and motion scheduling can simply be done. The formulations of dynamics and the dynamic effect due to the arm's dead weight were analyzed.
I. INTRODUCTION
In contrast with the industrial robots, the humanoid robot must be able to cope with the wide variety of tasks and objects encountered in dynamic unstructured environments. So the arm of the humanoid robot should be mobility, flexibility and anthropomorphic for better adaptation to typical human environments and to allow for human-like behavioral strategies in solving complex tasks. For a human arm, it could be not only organize its kinematics and dynamic in many different ways to be appreciate for different tasks, but also exploit the complex kinematics and dynamic in variety of ways in dynamic unstructured environments. For example, we often brace our arm on a hard surface to isolate excess degree of freedom when performing a delicate task. We always exploit our skeleton and tendon rather than our muscle to strength our arm when we carrying loads. On the other hand, the skeleton, tendon and muscle construct a fairly complex mechanism in common to be a typical super-redundancy system that has high flexibility. In order to achieve a high degree of flexibility and to allow the simple and direct cooperation with humans, the humanoid robot arms should be anthropomorphic 7 [5] - [7] , the DAV a mobile humanoid robot of Michigan State University in America, although the manipulation capabilities and intelligence of these robots are still far away from the human ability in solving complex manipulation tasks [8] . The mechanical configuration of the WABIAN, the WENDY, the HERMES and the ANOLD 7DOF arm is: three in the shoulder, one at the elbow, and three at the wrist. For the mechanical construct, they all were adopted the method of a direct driven mechanism with DC motors and harmonic drive to realize high-power work, lightness of weight and compaction. The newest WABIAN: WABIAN-R has a completely humanoid figure with two arms, and it has capabilities of dynamic dance waving arms and dynamic carrying of a load. WENDY's arm Performances have been evaluated by two requirements such as safety and dexterity. It can fulfill tasks such as picking up objects, breaking egg and cutting vegetable [6] . HERMES is equipped with two arms, a bendable body on an omni-directional wheelbase. Its work space can extend up to 120 cm in front of it when it bends forward 1300, and keep its balance even when the body and the arms are fully extended to the front. The mechanical configuration of the AMAR 7DOF arm is: three in the shoulder, two at the elbow, and two at the wrist. The weight of the arm is no more than 7kg because in each of joints the power transmission is done via planet gears and ropes. With a telescopic joint in its body the total height of the robot can be adapted to enlarge the work space. Arms of these humanoid robots have many actuators, electron-magnetic brakes and sensors comparison with conventional manipulators.
The author developed an autonomous mobile humanoid robot YIREN (Fig.1) The mechanical system concept, the kinematics and dynamics properties of the arm are described. Differences of the kinematics and dynamics properties from two other arms of ARMAR humanoid robot and WABIAN humanoid robot were analyzed.
II. DETERMINATION OF THE ARM CONFIGURATION
From the mechanical point of view, the skeleton of human's arm is composed of 7DOF mechanism while others degree of freedom of the arm performing by tendon. We developed a 7DOF anthropomorphic arm by synthesis of mechanism under the criterion of manipulability w and the theory of 3DOF planar manipulator [9] .
According to the theory of 3DOF planar manipulator, the limbs of humans can be modeled as mechanisms with three moving links. The 3DOF planar mechanism is fundamental to anthropomorphic arm, so we can adopt the evaluation criteria of the 3DOF planar mechanism to analyze the arm operational performance. The theory of 3DOF planar manipulator presents that: Suppose the three link lengths are ri (i =1, 2, 3), the r1, r2, r3 are the link lengths of upper arm, forearm and hand, respectively. If r1 r2= 1.0-1.2, r3 . r1 < 0.5, the dextrous workspace of the mechanism is large, and the velocities, the payload, the deformation of the mechanism are suitable. The maximum length of the YIREN arm is about 1 m (350mm ofthe upper arm, 350mm of the forearm and 180 of the hand) with a maximum 2 kg of load. According to the coordinate systems of the arm (Fig.3) , the description of the coordinate transformation between fame i and i-i is given by the homogeneous transformation matrix:
co, -caso, sabso, aicoi The manipulability is defined:
w= det(jJT)
The manipulability is a measure of a robot's flexibility. A large value of the manipulability ensures that the arm endpoint is within the area of the dextrous workspace. If w-O, the arm motion is in a singular configuration.
According to the algorithm for the workspace evaluation, Figure 4 shows the reachable workspace of the YIREN arm approximately from that of the WABIAN arm and the ARMRA arm (show in Fig.10-12) . From the value ofthe manipulability, we can draw a conclusion that singularities mostly occur at the boundary of the workspace. In contrast, there are many singularities in the workspace of others. mechanism configuration of the YIREN arm. This curve could be derived from the fact that the end point of the upper arm describes an ellipsoid center on the SI shoulder joint and that the starting point of the forearm describes a sphere center on the wrist. Since these two points are the same, the curve results from the intersection of the ellipsoid and the sphere. Specially, once the elbow position on this curve is defined, an analytical-geometrical method was provided for a closed form solution of the arm inverse kinematics problem. This method not only solves the problem of approximation using iterative numerical method but also makes the self-motion of elbow contact with the arm inverse kinematics problem. The ellipsoid is given by:
The curve is a circle resulted from the intersection of the ellipsoid and the sphere, and its radius is given by: Where, R y, R z are the rotation matrix around yo, zo axis in the o-xoyo zo coordinate system. a is the redundancy angle of the elbow. e x is the basis vector in xo axis. R is the radius of the sphere whose center is S3. The self-motion angle a can be arbitrarily chosen within the interval [0, 2 w ] in the condition of the absence of any constrains. When the arm must be avoided the obstacle, singularity or joint limit on the determined trajectory, it usually has to make use of the self-motion. It is quite easy to calculate the remaining range simply by subtracting the corresponding angle segment of the obstacle, singularity or joint limit from the self-motion circle. Then, we can determine the objective function that minimizes the joints angle change to choose the value of aO:
Where 9i,cur and 9i,cal represent the current and the calculate value of the joint angles, respectively.
Once the a is determined the elbow position (Xe, Yen Ze) is known and the vectors ISE, lEwcan be directly calculated.
Based on a system of shoulder joint S1 coordinates o°-X1, yi, z1, the joint angle 0 l can be calculated: 01 = atan2(SlEY,IslEx) (10) In the shoulder joint S2 coordinates 0 2 X 2, Y 2, Z 2, the joint angle 0 2, 0 3 can be calculated: 62 = atan2(/s3EY,IS3Ex) (11) 63 = aco S(E ) IS3E (12) In the elbow joint coordinates 0 4 X 4 Y4 Z4, the joint angle 0 4 can be calculated: 64 =a tan 2(UEWY,lIEWX) (13) Based on a system of wrist joint coordinates 05 X 5 Y5, z 5,the joint angle 0 5, 0 6 (21) In order to estimating the dynamics properties of these three arms configuration, here mainly analyzed the influence of the arm's dead weight. If we define the mass of the forearm, the upper arm, the wrist and hand all to be m, and the velocity and the acceleration are zero, the joints moment overcoming the arm dead weight shows in the figure 6 to 8. The results of analyzing show the moment of dead weight: the arm configuration of figure 2 (a), figure 2 (b) is bigger and that of the configuration 2 (c) is smaller. We present the Kinematics and Dynamics properties of a 7-DOF Arm of Humanoid Robot. Comparing with arms of WABIAN humanoid and ARMRA humanoid, the arm configuration in this paper has many kinematics and dynamics properties: approximate workspace, a few singularities within workspace, moderate range of self-motion, moderate moment of dead weight. We also show a closed form solution for the inverse kinematics of the robot arm. In the future work we will concentrate on fitting our model in the complex control problem.
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